Introduction
Potassium perchlorate K + ClO ? 4 undergoes at approximatively T = 310 C a rst order transition from a low temperature ordered crystalline phase (orthorhombic D 16 2h ? Pnma) 1] to a fcc (O 5 h ? Fm3m) structure 2] in which the perchlorate ions are dynamically orientationally disordered. This transition, which can be seen as the`melting' of molecular orientations, was studied by Raman light scattering 3] and a model of the transition mechanism proposed, predicting a correspondance between the low and high temperature crystal axes. The model is based on the fact that at room temperature in the D 16 2h phase a orth = 8:866 A, which is not very far, given the temperature di erence, from a cub p 2 = 7:5 p 2 = 10:6 A where a cub is the cubic cell parameter, while b orth = 5:666 A a cub = p 2 = 5:3 A, and c orth = 7:254 A a cub . This yields the correspondance between the low and high temperature crystal axes shown on g. 1.
The same paper 3] also studied the orientational probability density function (opdf) of the perchlorate ions. The conclusion was that the maxima of the opdf, corresponding to the most probable orientations, had C 3v symmetry, in contradiction with a molecular dynamics simulation 4] that showed T d symmetry (i.e. for which molecular and crystal fourfold axes are parallel). A single crystal neutron di raction experiment 7] showed that the opdf had T d symmetry maxima thus con rming the simulation 4].
In the neutron elastic scattering experiment 7] on the other hand, the (040) orth re exion in the orthorhombic phase which, had the model in ref. 3 ] been veri ed, should have become the (440) cub re exion in the cubic phase, was recorded continuously during heating. At the transition it disappeared, and was found in a completely di erent direction. This was repeated on a di erent sample with a di erent heating rate. In neither case could a simple relation be found between the orientations of the orthorhombic and cubic crystals. The authors concluded that the strong rst order character of the transition impedes, when going from the less symmetric to the more symmetric phase, any relashionship between the two structures, thus contradicting the model in ref . 3] . The latter point also explains why the interpretation of the Raman experiment based on the model gave an erroneous result for the opdf symmetry, since the authors had to rely on axes correspondance for the sample orientation in the high temperature phase, which could not be checked, the fcc structure being optically isotropic.
The di raction experiment 7] however, shed no light on the transition mechanism itself, simply suggesting that it is of`reconstructive' character, a rather unusual feature, given that Pnma is a subgroup of Fm3m. The authors also report that the transition temperature was increased upon heating by approximatively 70 C simply by decreasing the heating rate from 10 C/mn to 0:5 C/mn. This could be caused by any of the following reasons: sample quality, experimental setup, or more interestingly, the large volume change ( V V 12%) at the transition. This paper presents a molecular dynamics simulation in order to obtain details of the transition process on a microscopic scale. and the results were thoroughly tested against di raction results in the fcc phase 8] with excellent agreement. It was however impossible to stabilize the orthorhombic structure at room temperature, as the system presented immediatly, after only a few simulation steps ( 0:1ps) a transition into the fcc structure. Therefore, in order to simulate both phases, the charge distribution was modi ed so that a simulation started at room temperature with the orthorhombic structure would remain stable, while a simulation started at 600K in the fcc structure would also yield results that are compatible with the di raction results. Thus, test-simulations with several values of were performed, with the following two main results (table 1): there is a strong dependance of the transition temperature with . For ?0:15e, the orthorhombic phase is unstable.
the orientational disorder of the fcc structure increases with j j.
The strong dependance of the transition temperature on remains to be understood.
A plausible conjecture is that the increase of j j tends to stabilize the system in the low temperature phase (because of the attractive K + ?O ?j j interaction) and therefore hinders the transition into the orientationally disordered phase.
After these test simulations, the value = ?0:35e was chosen and maintained for all our following simulations, in order to be able to simulate both phases with a rigid perchlorate ion, although the structure in ref. 1] is incompatible with strictly tetrahedral ions. The possibility of considering the internal degrees of freedom of each molecule was discarded since the internal vibrational frequencies are several orders of magnitude greater than the external frequencies, and a much smaller timestep would have to be used, thus signi cantly increasing the duration of our simulations.
On the other hand, that we assume a discrete distribution of charges localized on the atoms of the molecule, although unrealistic in some situations 5] probably plays only a minor role in the present case, compared to the geometry of the molecule itself.
Heating procedure
It is clearly unrealistic to expect to do a simulation with a heating rate of 0:5 C/mn, when the total duration of the simulation is at best of the order of one nanosecond, even using a very powerful parallel computer. A quasi-static heating process was simulated by rescaling all velocities to obtain a temperature increment T followed by a stabilization period of duration , and then by repeating the procedure. The stabilization period allows structural adaptation to the new temperature. The heating rate can therefore be much faster than in an actual experiment in which usually surface heating occurs rst. In the simulation no heat propagation takes place, but local uctuations are preserved since the overall shape of the velocity distribution remains unchanged upon rescaling.
The temperature increment T, near the transition, was set to T = 1K and the duration of the stabilization period was typically ' 50ps.
3 Results
Volume

Total volume
A simulation started with the low temperature structure at room temperature, and heated following the above procedure, spontaneously undergoes a phase transition to the orientationally disordered structure. Fig. 2 shows the volume of the simulated sample as a function of temperature, each point on the gure being taken after stabilization. The sharp volume increase at T simul ' 388K thus yields the transition temperature. In sect.
2, we mentionned that the transition temperature obtained by simulation, is strongly dependant on the charge distribution on the oxygen atom, so that T simul being lesser than the experimental result T exp ' 585K is therefore probably not crucial.
The volume variation at the transition is V V = 12%, the same as found experimentaly: this result con rms the overall good agreement of our simulation with experimental results, as discussed in 8]. The simulation also provides the variation of the size of our system in the three directions (x, y and z), parallel to the orthorhombic axes. The variations Lx Lx ,
Ly
Ly and Lz Lz are showed in table 2. By monitoring the volume of the sample with time, it is possible to obtain the moment when the transition takes place, and the time it takes for the structure to change i.e. the duration t of the transition. The latter turn out to less than 1ps, which seems short for an e ect that involves the whole sample, the size of which is typically L = 60 A. This duration is more of the order of the re-orientational time of an individual perchlorate ion. However, assuming the sound velocity to be of a few thousands of ms ?1 , t is also the time it takes for a sound wave to propagate across the simulated sample. Therefore, since our system is homogenous, t corresponds to the propagation time of information across the system, that is, the lower limit of the time required by the system to change its structure.
The time c between the last temperature step T and the moment when the transition occurs, 0 < c < , was measured for several di erent values of T (1K, 2.5K, . . . ), and for several di erent initial con gurations. No relation was found between the amplitude of the temperature increment and the moment at which the transition takes place. On the other hand, for a given increment, c varies, in our attempts, from 50ps to over 150ps, depending on the microscopic con guration of the sample at the time of the temperature increase. This has the unpleasant consequence that it is very di cult to claim at any given point that the transition temperature has not yet been reached, as it may be simply that the allowed stabilization period was not chosen long enough. However, by using several di erent samples with di erent histories, it was possible to circumvent this di culty.
To cool the sample from the high temperature phase was also attemped by decreasing the temperature down to T = 200K, with an overall stabilization time of 300ps. We observed no signi cant change of macroscopic quantities (potential energy and volume). Clearly, it is always easier to observe a transition while heating the sample, since while cooling, the problem of symmetry breaking arises, and the time that it takes may be long on the time scale of a simulation.
Local volume
In a simulation we have complete knowledge of the system; it is therefore possible to observe locally the transition. A good criterion is to observe the volume variations of the Voronoi polyhedra attached to the molecules, because of the volume di erence between the orthorhombic and the cubic phases. Fig. 3 represents the volume distribution of the Voronoi polyhedra in both phases. The overlap is caused by uctuations, but the maxima for the two temperatures are well separated. The molecular Voronoi cell volume v vp (r i ), wherer i is the position of molecule i was computed, and converted, using a coarse graining procedure, to represent v vp as a function of the positionr in the sample. Fig. 4 shows eight pictures of the volume v vp in our sample during the transition. All eight are taken between the two same temperature increments, i.e. during the same stabilization period, at the same temperature T = 388K. The time interval between two successive pictures is 0.2ps. The apparition of domains of the high temperature structure, and their growth is clearly visible.
Internal stresses
In our simulation the internal pressure tensor P de ned in ref. 6 ] is subject to uctuations, but on average P ; = ; P ext ( and = x; y; z), where P ext is the xed scalar external pressure. However, the magnitude of the variations of the non-diagonal elements of P are of the same order as that of the diagonal elements. At the transition, an expansion of the sample parallel to a ortho takes place, thus altering slightly its shape. Therefore, it was interesting to study whether microscopically internal stresses accompany the transition. To do that, we need two local variables: the local volume that is represented by the volume of the Voronoi cells and the local pressure which is calculated from the expressions of P in ref. 6 ]. The correlation function C = P (r i ):v vp (r i ) ? P (r i ):v vp (r i ), where
;N A i the spatial average over one step was computed. C is represented in g. 5. The transition occurs at t = 15ps on this gure. The correlations between the nondiagonal elements of P and the volume of the Voronoi cells are always negligible. This result proves that no local shearing e ects in the sample are visible. The correlations for the diagonal elements are clearly negative and slighty increase after the transition, due to the increase of the volume at the transition. This result shows that locally the variation of the volume in one direction depends only of the stress applied in this direction. The clearly negative value of C means that the pressure increases when the volume decreases and vice-versa.
Crystallographic data
Crystallographic data for cell parameters in the orthorhombic phase are given in table 3. Our results are in good agreement with the experimental results, for molecular center of mass positions.
As for molecular orientations in the low temperature ordered phase, the perchlorate ions do not have exactly the perfect orientations of T d symmetry but display a small rotation of angle ' 10 around the y orth axis ( g. 6).
In order to observe in the simulation this small rotation that characterizes the low temperature phase, we used a set of orientational order parameter functions 10] de ned for each molecule in the orthorhombic reference frame as: 
Being quadratic in , the functions f z are therefore more sensitive than f x and f y which are cubic. These orientational order parameter functions were computed for each molecule and averaged over time. Fig. 7 shows the distributions of the orientational functions for di erent temperatures. The width of the f x and f y distributions increases with temperature, while the distributions remain centered around 0. On the other hand, the f z distribution displays two peaks in the low temperature phase. At T = 200K, the two peaks correspond to a rotation of ' 11 2 around the y orth axis, that is very close to the experimental result. The two peaks merge at = 0 above the orientational melting, the distribution becoming very broad due to orientational disorder.
Because the orthorhombic phase is ordered, and the molecules closer packed, it is more sensitive to details of the model, such as the charge distribution and the geometry of the molecules, than the fcc phase in which a degree of averaging takes place. The atomic positions given in 1] for the orthorhombic structure are incompatible with a perfectly tetrahedral perchlorate ion, whereas our simulations assume that the perchlorate ion is both rigid and perfectly tetrahedral.
However, both results, for the translation and orientational structure show that our simulation is very close to the experimental data and therefore our simulation proves to be extremely realistic.
Discussion and conclusion
To summarize, both phases, ordered and disordered, of potassium perchlorate could be simulated with the same potentials and molecular geometries, although crystallographic data shows that the perchlorate molecule is slightly deformed at low temperature. A strong dependance of the transition temperature on the charge distribution was shown, but that does not act upon the transition mechanism, since we obtained the same results for di erent charge distributions.
The orientational melting was observed directly. Observation of the molecular positions shows that the simulation follows the transition simple mechanism proposed in ref. 3] . The question which arises now is: why is the real transition, as observed experimentally, so ill-behaved, as opposed to our simulation, although the latter appears to be extremely realistic?
At this point, we suggest that the model in ref. 3] is microscopically correct, but that, for a real sample, the large volume change V V at the transition generates strains such that the transition takes place much later than it should from a strict free energy point of view, and then does so violently. The simulation on the other hand represents a small sample, so that if one molecule, in the midst of an orthorhombic medium, is surrounded, at some point, because of local uctuations, by a cubic environment, a proportion of 13 (i.e. the one molecule and its 12 rst neighbours) out of 2048 ( 0:6%) form a cubic droplet, a non-negligible proportion. A size e ect occurs here despite the absence of free surfaces with periodic boundary conditions. Now, in the low temperature phase, the perchlorate ions have orientations that are antiferromagnetically ordered along theã orth axis. The simulation shows, at the transition (table 2) , an expansion along that direction, accompagnied by a liberation of the orientational motion, although some antiferromagnetic correlations remain in the disordered phase 8]. Clearly, this means that an orientation-translation coupling of the type discussed in 9] takes place at the transition, which should be visible on the (100) orth phonon branches. A way of checking our interpretation would be both to measure and to calculate from the simulation the phonon branches close to the transition. Indeed, as already pointed out the transition model should yield coupling with the (100) orth branch. The calculation of the pressure-volume correlations show no shearing e ect, so that presumably only longitudinal phonons branch should be involved. This also shows that the magnitude of correlations is nearly equal in the three directions, therefore the (010) orth and (001) orth phonons branch should be investigated also. If an experiment shows this e ect, it proves that the model is microscopically correct, because it is an experiment that involves microscopic variables, despite the fact that macroscopically, the model is not followed. This reaches far beyond the scope of the present letter, however. each picture. The bright zones correspond to large volumes of the polyhedron, therefore to the orientationally disordered phase. The dark ones to the small volumes, therefore to the orthorhombic structure. 
